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The di rect mea sure ment of 133Ba source ac tiv ity by the ap pli ca tion of the the o ret i cal count
rate equa tions has been re cently de vel oped by Novkovi} et al. The an a lyt i cal and Monte Carlo
cal cu la tion of ac tiv ity mea sure ment un cer tain ties were de scribed in pre vi ously pub lished pa -
pers for the case of one re corded spec tra. The pro ce dure of un cer tainty cal cu la tion for a se -
quence of suc ces sively re corded spec tra, en abling the de ter mi na tion of the cor re la tion be -
tween peak count rates, is pre sented in this pa per. The un cer tainty of ac tiv ity ob tained by the
de scribed method is caused by the un cer tainty of the ex per i men tally ob tained in put data and
un cer tain ties of the used nu clear de cay data.
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IN TRO DUC TION
The cal i bra tion of a semi con duc tor HPGe spec -
trom e ter could be per formed by us ing a mix ture of
radionuclides. The most ap pro pri ate mix ture con tains
radionuclides whose de cays are fol lowed by the emis -
sion of one or two pho tons with en er gies cov er ing a
wide en ergy range. Radionuclides emit ting a num ber
of pho tons, like 133Ba, are not con ve nient due to the
ap pear ance of a nu mer ous sum peaks. This prob lem
has been ob served from the very be gin ning of us ing
the ger ma nium spec trom e ter, and many pa pers re fer to 
this topic [1-4]. In the re cently pub lished pa pers [5, 6],
we have de vel oped a new ap proach which could com -
pletely solve the prob lem, at least at the math e mat i cal
level. This method en ables:
(1) iden ti fi ca tion of all pos si ble de cay paths,
(2) identification of pos si ble de cay path out comes,
(3) cal cu la tion of prob a bil i ties of par tic u lar path out -
comes and their de pos ited en ergy in the de tec tor, and
(4) de ter mi na tion of the o ret i cal ex pres sions for count
rates for each peak (ex clud ing es cape peaks) and also
for the to tal count rate. The un known quan ti ties in
these ex pres sions are the to tal and peak de tec tion ef fi -
cien cies. The co ef fi cients of the un knowns are con -
stants which char ac ter ize the mea sured radionuclide
and their val ues are taken from the lit er a ture. The for -
mula for the to tal count rate is of cru cial im por tance
for a di rect ac tiv ity mea sure ment.
In the case of a radionuclide with the sim plest de -
cay scheme, like 139Ce, the ex plicit for mula for ac tiv ity
could be de rived from the count rate ex pres sions. This
for mula con tains only count rates for the sin gle and sum 
peaks and also the to tal count rate, and en ables the ab so -
lute ac tiv ity mea sure ment of these radionuclides. The
ap pli ca tion of this method to radionuclides 57Co and
133Ba is ex plained in de tail in ref er ences [7, 8].
In the ex per i men tally ob tained spec tra of 57Co
and 133Ba, the num ber of peaks is larger than the num -
ber of un knowns. This could be used for the de ter mi -
na tion of de tec tion ef fi ciency and also for source ac -
tiv ity cal cu la tion. An a lyt i cal and Monte Carlo
meth ods for the cal cu la tion of ac tiv ity un cer tainty de -
ter mi na tion in the case of only one re corded spec trum
are given in de tail in ref er ence [9]. In this pa per, the
pro ce dure of an a lyz ing the un cer tainty of a se quence
of suc ces sively re corded spec tra will be elab o rated,
en abling the de ter mi na tion of the cor re la tion co ef fi -
cients be tween cer tain peak count rates. The nu clear
and atomic data are taken from the lit er a ture and the in -
flu ence of their un cer tain ties could only be de ter mined 
by us ing Monte Carlo sim u la tion.
COUNT RATES EQUA TIONS
The der i va tion pro ce dure for the o ret i cal ex pres -
sions for each sin gle and sum peak count rates and also 
the to tal count rates is given in ref er ence [9]. The for -
mu lae for the count rates of the most pro nounced
peaks and ad e quate for mu lae for de tec tion or non-de -
tec tion prob a bil i ties cal cu la tions are pre sented in de -
tails in ref er ence [6]. The de cay of 133Ba is fol lowed by 
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the emis sion of Ka and Kb pho tons, gen er ated by elec -
tron cap ture and in ter nal con ver sion pro cesses, and
also by gamma pho tons at nine dif fer ent en er gies [10].
The two of these gamma  en er gies are very close
(75.91 keV and 81.0 keV) and could be con sid ered as
one. The de cay scheme data char ac ter is tics for 133Ba,
as well as the peak and to tal de tec tion ef fi cien cies (de -
pend ing on de tec tor char ac ter is tics and mea sure ment
con di tions) are in cluded in the the o ret i cal ex pres sions. 
De tec tion ef fi cien cies could be con sid ered as un -
known quan ti ties which could be de ter mined by solv -
ing the equa tion sys tem. On the other hand, if the de -
tec tor is al ready cal i brated, de tec tion ef fi cien cies
could be con sid ered as known quan ti ties. Thus, the
sin gle and sum peak count rates could be cal cu lated by
us ing the the o ret i cal for mu lae and com pared with ex -
per i men tal val ues. How ever, in this pa per, de tec tion
ef fi cien cies and source ac tiv ity are con sid ered as un -
known val ues. If the the o ret i cal ex pres sions for count
rates were equal ized with ex per i men tal val ues, a
non-lin ear equa tion sys tem would be ob tained. In this
sys tem, the un known val ues are peak and to tal ef fi -
cien cies and source ac tiv ity. The to tal num ber of un -
known val ues amounts to 19, i. e., 9 peak ef fi cien cies,
the same num ber of to tal ef fi cien cies and source ac tiv -
ity. The num ber of un known val ues could be re duced
to 12 if the fol low ing func tion is in tro duced
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where e(E) and t(E) de note the peak and to tal ef fi cien -
cies for en ergy E, re spec tively, and k is the un known
pa ram e ter. The num ber of pro nounced peaks sig nif i -
cantly ex ceeds the num ber of un knowns. This is the
rea son that the equa tion sys tem could be formed only
with equa tions for the sin gle peaks, one sum peak and
to tal count rates. The sin gle peaks are cho sen be cause
the ex pres sion for the count rate in the first ap prox i ma -
tion is pro por tional to the peak ef fi ciency for that en -
ergy. The sum peaks at 437.01 keV and 333.65 keV are 
very pro nounced and they could be used al ter na tively
in the equa tion sys tem. The sys tem con sists of 12 se -
lected equa tions
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where N(Ei) de notes the the o ret i cal ex pres sion for the
peak  count  rate  at  en ergy  Ei,  whereas  n(Ei)  de notes
the ex per i men tally ob tained count rate value. In the
equa tion sys tem, de cay scheme data for 133Ba are
known, so the only un known vari ables are de tec tion
ef fi cien cies and source ac tiv ity. In the sys tem (2),
n(81) de notes the count rate  for  merged  peaks  at  en -
er gies  of  79.61  keV  and 81 keV. These peaks are not
sep a rated in the cal cu la tions. The net area of the sum
peak at en ergy of 357.4 keV amounts to ap prox i mately 
1% of the net area at the en ergy of 356.01 keV. This is
the rea son why these two peaks were taken to gether.
Since the ac cu racy of the sys tem so lu tion de -
pends on the ac cu racy of the de cay scheme data taken
from the lit er a ture, the de scribed method for ac tiv ity
mea sure ment be longs to di rect mea sure ment, but not
ab so lute. How ever, the pro ce dure for the de ter mi na -
tion of the mea sure ment un cer tainty, which de pends
on the ex per i men tal as well as lit er a ture in put data ac -
cu racy, should be de fined. The source ac tiv ity, pa ram -
e ter k, and de tec tion ef fi cien cies for 10 en er gies could
be ob tained by solv ing non-lin ear equa tion sys tem (2)
nu mer i cally. The val ues of de tec tion ef fi cien cies ob -
tained by the pre sented method could be com pared
with the val ues ob tained di rectly from the peak net
area. Thus, the sum ma tion ef fects could be eval u ated.
MEA SURE MENT UN CER TAIN TIES
The mea sure ment un cer tainty of source ac tiv ity
ob tained by this method is due to the un cer tain ties of
the in put data ob tained from the mea sured spec tra and
the un cer tain ties of the de cay scheme data taken from
lit er a ture. In ref er ence [9], the an a lyt i cal pro ce dure for 
the cal cu la tion of un cer tain ties due to count rate un cer -
tain ties, val i dated by Monte Carlo method, is elab o -
rated. Stan dard vari ance of the source ac tiv ity is given
by
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where [M–1] de notes the in verse ma trix of the
linearized sys tem (2), s(nj) – the stan dard de vi a tion of
j-th peak count rate, and rjk – the cor re la tion co ef fi cient 
be tween j-th and k-th peak count rates. The cor re la tion
co ef fi cients have to be ex per i men tally de ter mined
from the se quence of suc ces sively re corded spec tra
be cause there is no ex plicit for mula for the source ac -
tiv ity cal cu la tion. The ex pres sion for the cor re la tion
co ef fi cients is given by
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where ni de notes the vec tor con sist ing of m ex per i -
men tal val ues for i-th peak count rate, nia – the mean
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value for that count rate, s(ni) – the stan dard de vi a tion
of the i-th peak count rate, and u de notes the unit vec -
tor.
Cor re la tion ma trix [rij] be comes unit ma trix, and 
for mula (3) is re duced to the first ad dend un der the
root, if there is no cor re la tion be tween peaks.
The in flu ence of un cer tainty of any atomic or nu -
clear pa ram e ter P is de ter mined by Monte Carlo
method. Ev ery pa ram e ter should be var ied ac cord ing
to the for mula
P P s w wi= + −2 2 2ln cos( )p (5)
where s de notes the stan dard de vi a tion for the pa ram e -
ter, whereas w1 and w2 de note the gen er ated ran dom
num bers. The equa tion sys tem could be solved with
pa ram e ters var ied in that way. The un cer tainty caused
by un cer tainty bud get for atomic and nu clear data
could be de fined by the set of m ac tiv ity so lu tions.
EX PER I MENT
The ap pli ca bil ity of ac tiv ity mea sure ment by co -
in ci dence sum ma tion, as well as the def i ni tion of mea -
sure ment un cer tainty, has been ex per i men tally ver i -
fied by us ing two HPGe spec trom e ters.
– Spec trom e ter I: Schlumberger HPGe de tec tor
with the rel a tive ef fi ciency of 15%, am pli fier
Ortec 672 and mul ti chan nel an a lyzer Can berra
Multiport II, and
– Spec trom e ter II: AMETEK-AMT (Ortec) GEM
30-70 with the rel a tive ef fi ciency of 37%, am pli -
fier Can berra 2020 and mul ti chan nel an a lyzer
Can berra Multiport II.
133Ba source was mea sured twice by spec trom e -
ter I. The first se ries con sisted of 12 mea sure ments,
each last ing 40 000 s, and the spec tra were pro cessed
by pro gram Anges [11]. The sec ond se ries con sisted of 
17 mea sure ments, each last ing 20 000 s, and the spec -
tra were pro cessed by pro gram Ge nie 2k [12]. The
same Ba source was mea sured once by spec trom e ter
II. The se ries con sisted of 10 mea sure ments, each last -
ing 20,000 s, and the spec tra were pro cessed by pro -
gram Anges. The spec tra re corded by both spec trom e -
ters are pre sented in figs. 1 and  2.
DIS CUS SION
The re sults ob tained by the anal y sis of 12 spec tra 
us ing pro gram Anges are pre sented in tab. 1. The char -
ac ter is tic of this se ries is: if the cor re la tion term, sec -
ond term in eq. (3),  is taken in ac count, the ob tained
un cer tainty is smaller. The pro cessed re sults ob tained
in the anal y sis of the spec tra re corded by the spec trom -
e ter II are pre sented in tab. 2. Spec trom e ter II has
better per for mances than spec trom e ter I, and the mea -
sure ment un cer tain ties are sev eral times smaller. The
com par a tive val ues for the ac tiv ity and ac tiv ity un cer -
tainty are given in tab. 3. The spec tra in the sec ond
se ries, on spec trom e ter I (third row in tab. 3), were
pro cessed by Can berra’s pro gram Ge nie 2k. The ob -
tained ac tiv ity un cer tainty is 1 Bq and it is un re al is ti -
cally small, be cause this soft ware gives un re al is ti cally
small count rate un cer tain ties for the peaks taken into
ac count.
Un cer tainty in ac tiv ity de ter mi na tion caused by
atomic and nu clear pa ram e ter un cer tain ties cal cu lated
by us ing the Monte Carlo method is given in the forth
col umn of tab. 3. It is in ter est ing to no tice that this un -
cer tainty for spec trom e ter I is five times smaller than for 
spec trom e ter II, which has su pe rior per for mances. We
could not ex plain this phe nom e non. Atomic and nu -
clear pa ram e ter un cer tain ties for both spec trom e ters
have neg li gi bly small in flu ence on the to tal un cer tainty.
The pos si ble source of er rors like live time and
half-life un cer tainty are not in cluded in tabs. 1, 2, and 3
be cause they are sev eral or ders of mag ni tude smaller
[9].
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Fig ure 1. The re corded spec trum of 133Ba point source by
spec trom e ter I
Fig ure 2. The re corded spec trum of 133Ba point source by
spec trom e ter II
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Ta ble 3. The com par i son of the re sults of the three se ries
of measurements
Activity 
[Bq]
Standard
uncertainty 
[Bq]
(without
correlation)
Standard
uncertainty
[Bq]
(without
correlation)
Standard
uncertainty
caused by decay
scheme data
uncertainty [Bq]
Total
uncertainty
[Bq]
Note*
810.2 3.8 3.1 0.07 3.1 F, A
803.8 1.6 1.9 0.37 1.94 S, A
803.1 1.0 1.03 0.07 1.03 F, C
*Note: F  – Spec trom e ter I, S – Spec trom e ter II, A – the spec tra were
pro cessed by Anges, C – the spec tra were pro cessed by Genia 2k
Ta ble 1. The se ries of twelve mea sure ments on
spec trom e ter I (the spec tra were pro cessed by
Anges program)
Activity [Bq] Uncertainty [Bq](without correlation)
Uncertainty [Bq]
(with correlation)
806.8 11.9 9.4
807.1 11.2 10.0
814.2 13.5 11.6
808.3 12.5 10.1
806.1 11.3 10.0
814.1 13.2 11.0
814.6 13.0 10.8
810.4 12.7 10.5
809.9 12.6 10.2
812.7 12.4 10.2
812.4 12.7 10.4
806.0 12.0 9.5
 Mean
 value  =  810.2
 Standard
 uncertainty
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Ta ble 2. The se ries of ten mea sure ments on
spec trom e ter II (the spec tra were pro cessed by
Anges program)
Activity [Bq] Uncertainty [Bq](without correlation)
Uncertainty [Bq]
(with correlation)
815.6 4.8 5.5
815.5 3.3 4.4
817.9 5.5 7.1
815.1 4.1 4.6
818.4 5.5 6.25
817.0 4.5 5.0
818.1 5.4 6.2
820.6 5.5 6.2
819.1 4.9 5.7
818.9 4.5 5.4
 Mean
 value  =  817.6
 Standard
 uncertainty
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Du{an N. NOVKOVI], Laslo J. NA\\ER\, Mirjana M. \URA[EVI],
Ivana S. VUKANAC, Aleksandar B. KANDI], Zoran A. MILO[EVI]
DIREKTNO  MEREWE  AKTIVNOSTI  133Ba
POLUPROVODNI^KIM  HPGe  SPEKTROMETROM
Direktno merewe aktivnosti izvora 133Ba primenom teorijski dobijenih jedna~ina za
brzine brojawa nedavno su razvili Novkovi} i saradnici. Analiti~ki i Monte Karlo prora~uni
nesigurnosti merewa aktivnosti detaqno su opisani u ranije objavqenom radu. U ovom radu
prikazana je procedura prora~una nesigurnosti serije uzastopno snimqenih merewa, pri ~emu se
odre|uje i korelacija izme|u brzina brojawa u pikovima. Tako|e je detaqno analiziran uticaj
nesigurnosti eksperimentalno odre|enih podataka, kao i nesigurnosti kori{}enih nuklearnih
parametara, na ukupnu mernu nesigurnost aktivnosti odre|ene opisanom metodom.
Kqu~ne re~i: 
133
Ba, koincidentno sumirawe, merna nesigurnost, HPGe spektrometar
